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ABSTRACT  
We study the quantum-mechanical effects arising in a single semiconductor core/shell quantum 
dot controllably sandwiched between two plasmonic nanorods. Control over the position and the 
“sandwich” confinement structure is achieved by the use of a linear-trap, liquid-crystal line defect 
and laser tweezers that ‘push’ the sandwich together. This arrangement allows for the study of 
exciton-plasmon interactions in a single structure, unaltered by ensemble effects or the complexity 
of dielectric interfaces. We demonstrate the effect of plasmonic confinement on the photon-
antibunching behavior of the quantum dot and its luminescence lifetime. The quantum dot behaves 
as a single emitter when nanorods are far away from the quantum dot but shows possible 
multiexciton emission and a significantly decreased lifetime when tightly confined in a plasmonic 
‘sandwich’. These findings demonstrate that liquid crystal defects, combined with laser tweezers, 
enable a versatile platform to study plasmonic coupling phenomena in a nanoscale laboratory, 
where all elements can be arranged almost at will. 
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The properties of nanoparticles, often dramatically different from those of bulk materials despite 
identical chemical composition, can be further controlled through interactions with other 
nanoparticles1-3 . The exploration of plasmonic phenomena as a means to control the behavior of 
excitonic systems is a field of active study4-15. Such interactions can be used to detect single 
molecules16,17, to drive up- and down-conversion18,19, to enhance optical absorption in solar cells20- 
22, to induce hot-electron charge transfer23, to drive solar-to-fuel photocatalytic systems,24 and 
more. There is a great need for the exploration of plasmon-exciton interactions at the level of 
individual nanoparticles and nanostructured composites, though such experimental explorations 
are often made challenging by the sensitivity of these interactions to the proximity of dielectric 
interfaces, which can cause various artifacts7. To mitigate these problems, we recently used laser 
tweezers and a point defect in the bulk of a liquid crystal (LC) to study the exciton/plasmon 
coupling of a co-entrapped quantum emitter and a single plasmonic particle.7 This arrangement 
allowed for comparison of blinking characteristics of the quantum emitter before and after 
introducing a plasmonic particle to the LC point defect and showed that the radiative lifetime of 
the quantum dot (QD) decreased by an order of magnitude, resulting in a reduction of the blinking 
of the QD’s luminescence and a concomitant increase in its radiative efficiency because of the 
Purcell effect. While this demonstrated the use of LC systems as nanoscale manipulation tools, the 
enhancement to the local electric field was induced with complex-shaped “nanoburst” gold 
nanoparticles around which the plasmonic field enhancement was very inhomogeneous. Although 
this arrangement of nanoburst and quantum emitter turned out to be fortuitous, greater control over 
the plasmonic field and the placement of the plasmonic particles and the QD particle is needed. 
 
In this paper, we demonstrate a system in which we use a topological line defect in the LC that 
traps QDs and well-defined gold nanorods (GNRs) along two dimensions but allows for controlled 
movement along one dimension (along the defect line) (Figure 1). The GNRs can be moved along 
the defect line by using infrared laser tweezers and can be manipulated to form a linear “sandwich” 
structure, where the QD is localized between the tips of two nanorods, so that it resides in a well-
defined optical field geometry. In this way, we can study the emission behavior of a single dot, as 
well as how the emission is influenced when the QD is sandwiched between GNRs inducing a 
well-defined plasmon-enhanced electromagnetic field. We show that the plasmon coupling 
induces multiphoton emission and discuss how our findings may have an impact on the ability to 
design and realize novel mesostructured composite materials with novel physical behavior arising 
from controlled plasmon-exciton interactions. 
 
RESULTS AND DISCUSSION  
Elastic trapping of nanoparticles in LC line defect. We used 40 x 65 nm GNRs (Figure 1), 
which were synthesized by following the seed-mediated method described in detail elsewhere25-27 
(See materials and methods). We also utilized commercially available CdSe/ZnS core-shell QDs 
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(Ocean nanotech) shown in Figure 1e, which were selected for their emission peak at 620 nm. 
These QDs are characterized by an average diameter of 10 nm with a CdSe core and a thin outer 
shell of ZnS forming a core-shell type structure. The design of our experiments was aimed to 
control the optical coupling between QDs and GNRs. For this reason, we chose to use GNRs that 
exhibit a longitudinal surface plasmon resonance (SPR) peak at about 620 nm, matching the 
emission peak of QD particles (as measured when deposited on a glass substrate). The 10 nm silica 
shells of GNRs effectively make their SPR properties insensitive to the LC’s dielectric and order 
parameter tensor structures around nanoparticles within the surrounding host medium. As 
designed, our estimates show that, because of the shells, variations of the director structure within 
the LC do not cause shifts of SPR peaks for more than 3 nm. The core-shell QD particles also 
provide a high quantum efficiency while remaining chemically stable under different experimental 
conditions used in our work. Very dilute colloidal co-dispersions of GNR and QD nanoparticles 
(with number densities of each estimated to be 0.01 m-3 or even smaller) were obtained through 
a series of solvent exchanges in a chiral nematic LC with cholesteric pitch ~ 12 µm, and infiltrated 
into a glass cell with a gap of ~ 10 µm, as described elsewhere7 (See materials and methods). 
Free energy minimization for the confined frustrated chiral nematic LC with the cholesteric pitch 
to cell thickness ratio of ~1.2 promotes the formation of various cholesteric fingers and topological 
solitons like skyrmions, torons, and hopfions28, all embedded in a uniform homeotropic 
background with the far-field director n0 along the normal to substrates, as prescribed by the 
boundary conditions. These localized director structures arise to embed twisted regions within the 
unwound n0–background, which helps to locally alleviate the frustration associated with the 
incompatibility of perpendicular surface boundary conditions and the helicoidal twist tendency. 
Among these solitonic configurations are the cholesteric finger structures of the third kind depicted 
in Figure 1a, which are of interest for the present study. Within the translationally invariant director 
structure of this finger, the director field n(r) twists by  from left to right side of the cross-section 
(Figure 1a), with the twist handedness matching that of the equilibrium chiral LC, as determined 
by the chirality of the molecular chiral additive. Singular line defects within the structure of these 
fingers, which terminate the bulk -twist of n(r) near the confining substrates to again match the 
director to perpendicular boundary conditions, serve as linear topological traps for both the 
plasmonic and semiconductor nanoparticles (Figure 1c). In a cross-section orthogonal to the axes 
of the finger and the defect lines, the molecular orientations of LC molecules and n around the 
cores (depicted as red wires in Figure 1b) of the defect lines rotate by  while tracing the Mobius-
strip-like patterns, with these orientations becoming undefined within the core (Figure 1b). Thus, 
these cores have reduced scalar order parameter as compared to that of the bulk of LC and, in the 
simplest way, can be understood within the isotropic defect core model29.  
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Figure 1. Localization of GNR and QD nanoparticles in linear defect traps. (a) Director 
configuration in the vertical cross-section of the cholesteric finger with two line defects (marked 
with the red filled circles), which is translationally invariant along the normal to the cross-section. 
(b) Configurations of the director field around the defect lines at the top and bottom of the cross-
section shown in (a), with details of the director configuration for one of them shown on the right 
side. The core regions of defects are shown using red color. (c) A schematic illustration of the 
experimental configuration of QD (green) and GNR (yellow) nanoparticles co-entrapped within 
the core of a singular line defect (red tube) within a chiral nematic LC.  (d) Schematics of the GNR 
particle with a silica shell and DMOAP surfactant monolayer (top) with dimensions marked on the 
illustrations and TEM micrograph of the silica capped GNRs (bottom). (e) Schematics of the 
CdSe/ZnS QD particle representing a core-shell geometry and TEM micrograph of the QD particle 
(bottom) used in the experiments. (f) The probability distribution of the displacement made by a 
single GNR within time periods Δt = 0.067 s, showing the diffusion along the length of the line 
defect at room temperature and at 45° C. (g) The probability distribution of the displacement made 
by  a QD  in time Δt = 0.067 s, describing its diffusion along the length of the line defect.  
 
 
Because of the associated increased free energy density, singular defect core regions can act as 
linear traps to spatially confine various nanoparticles (Figure 1c)30. Confinement of nanoparticles 
within a defect core reduces the overall free energy by displacing the energetically costly defect 
region with the nanoparticle. The nanoparticles entrapped inside of these defect regions are 
strongly nano-confined in terms of their spatial positions in a plane orthogonal to the line defect 
(Figure 1c), but undergo Brownian motion and diffuse freely along the length of the line defect 
due to thermal energy (Figure 1f,g). The one-dimensional diffusion coefficients measured for 
individual defect-entrapped GNRs and QDs are estimated to be, respectively, 1.9×10-2 μm2s-1 and 
3.4×10-2 μm2s-1 at room temperature, though they increase as the temperature is increased (for 
example, at the elevated temperature of 45C, we obtain the diffusion coefficient DGNR= 2.7×10-2 
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μm2s-1 for the GNRs). Furthermore, the rod-like GNRs spontaneously align with their long axes 
along the defect line (Figure 1c) because this maximally reduces the free-energy-cost of the core 
by maximally displacing high-energy regions with the volume of the nanoparticle. Although a 
detailed quantitative picture of the interactions between a singular defect line and nanoparticles 
requires numerical modeling based on the tensorial order parameter31, one can gain insights into 
the physical underpinnings behind our observations via simple estimates of potential energies 
involved. The simplest model of the defect line’s singular core assumes that this core is an isotropic 
liquid and that its energetic cost is proportional to kBTc, where kB is the Boltzmann constant and 
Tc=TNI–T is the difference between the nematic-isotropic transition temperature TNI and the 
sample’s absolute temperature T 31 . The temperature dependence of diameter of the singular line’s 
core can be estimated by comparing the free energy cost of melting LC to the isotropic state and 
the free energy of producing strong elastic distortions around the defect line’s core31, which yields 
dc=(2MK/(NAkBTc))1/2, where K is the average Frank elastic constant, M is the molecular mass, 
NA is the Avogadro’s number and  is the density of the LC. Although a typical value for dc deep 
in the nematic phase is 10 nm 32,33, by varying Tc one can tune dc in the range 10-100nm. This 
capability provides a key advantage to the implementation of our experiments, as discussed below. 
The defect line’s free energy reduction associated with the placement of a nanoparticle within its 
core can be estimated using the free energy cost per unit length of a half-integer disclination line 
W(/4)Kln(2R/dc)+Wc, where R is a characteristic dimension of the sample and Wc is energy per 
unit length of the isotropic disclination core31. By following Ref.31, one can calculate the defect’s 
energies reduction that enable nanoparticle trapping as  23kBT for QDs and  450kBT for GNRs. 
Laser tweezers at moderate laser powers of up to 50 mW that we use do not exert optical trapping 
potential that would be sufficient to trap QDs, consistent with the well-known limitations of optical 
trapping of objects that are 10nm or smaller in size34, or to remove QDs or GNRs from the 
singular line traps31, or to reorient GNRs away from the long axis parallel to the defect line31, 
though they allow for the translation of GNRs along the defect lines while controllably forming 
the sandwich structure.  
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Figure 2. Trapping and interactions of nanoparticles in the cores of defect lines. (a) 
Trapping potential extracted from the motion of a QD (○) and a GNR (□) in directions 
perpendicular to the line defect. Inset shows the image of QD particles trapped inside line defect. 
(b) Interaction potential between two GNR entrapped inside a core of the line defect, probed when 
they are brought close to each other using optical trapping and then released. The potential is 
measured at room temperature and at 45 °C. Inset shows the variation of inter-particle center-to-
center spacing with time when the optical traps are switched off, demonstrating repulsion between 
the nanoparticles. (c,d) Assemblies of (c) small clusters of QDs and (d) individual GNRs in a line 
defect formed due to repulsive interactions and confinement along the defect line. (e) Potential 
energy of interaction between GNRs extracted from the motion of single particles within an 
assembly shown in (d).   
 
 
To quantify the strength of the topological defect line traps, we have characterized their stiffness. 
By measuring the small spatial displacements arising from the Brownian motion of the entrapped 
GNR and QD particles in the direction perpendicular to the defect line with the help of video 
microscopy (Figure 2a), we find the defect trap’s stiffness DT= 4.2 pN/µm. This ensures a robust 
one-dimensional topological defect confinement of nanoparticles in our experiments. The studied 
silica-coated GNRs can be also effectively manipulated with the help of optical tweezers utilizing 
a 1064 nm fiber laser, which are described in detail elsewhere35. Once entrapped within a line 
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defect’s core, GNRs can be optically translated by dragging the tightly focused infrared laser beam 
of the tweezers along the length of the line defect, which helps to realize the desired ideal 
configuration of nanoparticles depicted in Figure 1c. Within this basic configuration used in our 
work (Figure 1c), a single QD nanoparticle is sandwiched between two GNRs, all positioned with 
their centers of mass, on average, along a single straight line coinciding with the central axis of 
the defect core. The GNRs are manipulated with laser tweezers so that the distance between them 
can be varied, as further detailed below, which is important for the exploration of plasmon-exciton 
interactions associated with these nanoparticles. Such a linear configuration of spatially co-
localized nanoparticles prompts strong changes in the photophysics of the QD particle, owing to 
the interaction between the excitonic resonance of the QD and surface plasmon resonance of the 
GNR.  
Elastic interactions between the nanoparticles in a LC line defect. GNR particles, along with 
the silica shells and surfactant monolayers around them, have a diameter in the range 50-55nm, 
larger than the effective diameter of the reduced-order core regions of the line defect. The DMOAP 
functionalization assures perpendicular surface boundary conditions for n(r) at their surface in the 
locations where parts of this surface protrude outside of the “melted” reduced-order defect core 
(Figure 1c). These radial (locally perpendicular to the cylindrical surface) boundary conditions for 
n(r) at the GNR periphery are incompatible with the -twisted Mobius-strip-like n(r)-structure of 
the twist disclination around its core. This causes further elastic distortions, which effectively 
create a repulsive interaction between the GNR particles (the repulsion stems from the fact that 
these additional elastic distortions are squeezed to a smaller region when two GNRs are brought 
closer along the defect line, which costs more elastic energy). We have characterized the 
interaction potential between two GNR particles by tracing the inter-particle spacing with time 
when they are moved close to each other with the help of optical tweezers and then released (Figure 
2b). When the temperature of the LC is increased, the effective diameter of the melted defect core 
becomes larger, leading to a reduction in the repulsive interaction potential, as demonstrated in 
Figure 2b. Due to the repulsive interaction, GNR particles entrapped inside the line core of the line 
defect form an assembly of equally spaced particles, with the one-dimensional crystal-like order 
emerging at sufficiently high concentrations and tweezer-assisted or other types of confinement 
along the length of the defect line (Figure 2c,d). The maximum repulsive potential ranges from 10 
to 200 kBT (Figure 2b), making one-dimensional dispersions of GNRs along the defect cores robust 
with respect to thermal fluctuations (Figure 2e). Under these conditions, relatively large GNRs 
mutually repel and never aggregate, though they can be pushed towards each other to effectively 
form dimers at elevated temperatures (still below the nematic-isotropic transition temperature) 
with the help of laser tweezers, which we will utilize in the experiments described below.  
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Figure 3. Optical characterization of nanoparticles and modeling of SPR effects involving 
them. (a) Optical characterization of the nanoparticles used in the experiments showing extinction 
spectra of GNR (○) particles dispersed in water, simulated extinction spectra of GNRs when they 
are brought close to each other in the line defect, forming a dimer configuration, indicating a red-
shift in the longitudinal LSPR peak. Absorption spectra of the QDs (□) dispersed in toluene and 
emission spectra of the QDs particles on a glass substrate (Δ). (b) Electric field enhancement at 
the QD location in the sandwich structure for different emission wavelengths, calculated based on 
electromagnetic simulations using COMSOL Multiphysics. (c) Optical microscopy image of a LC 
line defect viewed under crossed-polarizers, indicating strong birefringence of the LC line defect. 
The location of a GNR- QD sandwich assembly is marked with a red arrow. (d) Schematic of the 
experimentally realized configuration of the particles showing the dimer configuration of the GNR 
particles with a QD particle located at the center of the GNR particles. (e,f) Electric field intensity 
profile for the configuration shown in (d) simulated using DDA method at emission wavelength 
(e) 620 nm and (f) excitation wavelength 473 nm. 
 
Unlike GNRs, because their outer shell diameter is always smaller than the defect line core, QD 
particles entrapped inside line defects do not exhibit strong elasticity-mediated repulsive 
interactions. However, when the number density of QDs is high, they can interact with each other 
to form small aggregates, so that similar elasticity-mediated repulsive interaction between the 
aggregates emerge when they grow larger than the diameter of the defect core (Figure 2c). In the 
present study, however, we use vanishingly small number densities of QDs to ensure individually 
dispersed QDs entrapped within defect lines, which is further confirmed by characterization 
detailed below. 
Plasmon- exciton interaction studies. In our experiments, we first locate a single QD inside a 
line defect on the basis of analyzing its luminescence blinking characteristics when the QD is 
 9 
excited with the 436 nm line from a mercury lamp. Individual GNR particles are detected/imaged 
using dark field microscopy, which can be done in parallel with their optical manipulation using 
laser tweezers. The experimental configuration depicted in Figure 1c is realized by using an optical 
tweezer to move the GNRs close to the QD particle in-between. To reduce the strength of repulsive 
interaction between the GNR particles, we increase the temperature of the LC medium with an 
objective heater (Bioptechs). The CdSe/ZnS QDs used in our experiments have an emission peak 
centered at 620 nm, matched to the longitudinal SPR peak of GNR particles, as shown in Figure 
3a. Since the surface of the GNR is coated with a silica shell, the shift in the localized surface 
plasmon resonance (LSPR) peak due to the higher effective refractive index of the liquid crystal 
E7 is minimal. However, when two GNRs are brought close to each other, their longitudinal LSPR 
peak shifts to the higher wavelength owing to the plasmon coupling between the two 
GNRs36,37(Figure 3a). Observation of the LSPR shift and measurements of the scattering spectra 
of the GNRs in our sandwich assembly are limited due to the strong birefringence (Figure 3c) and 
thermal fluctuations of the LC line defect. We estimate a redshift ~ 15 nm for the longitudinal 
LSPR peak of the GNR, when they are assembled to form a sandwich structure as depicted in 
Figure 3d (Supporting information Figure S3). It is evident that considerable spectral overlap 
between the QD emission and longitudinal LSPR of GNRs is present in the sandwich assembly. 
However, the |E|2 field enhancement spectrum of the sandwich assembly peaks at wavelengths 
slightly longer than the absorption maximum as shown in Figure 3b and supporting information 
Figure S3. 
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Figure 4.  Antibunching setup and characterization. (a) Schematic representation of the 
antibunching setup used in experiment (b) Fluorescence image of a QD particle trapped inside a 
LC line defect before moving the GNR close to it. (c-f) Dark field microscopy images viewed with 
a red filter, showing the nanorod assembly using an optical tweezer, sandwiching a QD particle 
between. The final sandwich structure is represented in (f). (g) Fluorescence image of a QD particle 
after forming the sandwich structure.  (h,i) Antibunching data collected from the QD particle 
before (h) and after (i) moving the GNR close to the QD, forming a sandwich assembly.  
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The linear arrangement of the GNRs, with the nanoscale separation between their surfaces 
controlled by tweezers, induces strong optical interaction between the SPR and QD emission due 
to the high Purcell factor achievable with such a configuration. To obtain additional insights into 
this phenomenon, we simulated the plasmonic field enhancement by using the Discrete Dipole 
Approximation (DDA) method38-41. We plot |E|2 for an unpolarized light at wavelength 473 nm 
and 620 nm incident on the particles, as shown in Figure 3e, f. We verified these calculations by 
doing full electromagnetic simulations using COMSOL Multiphysics as shown in Figure. S3 
(Supporting information). The strong plasmonic field enhancement (~ 250 at QD location) arising 
from the LPSR of GNRs at 620 nm is evident and mediates plasmon-exciton interactions that we 
discuss next.  
 
We have analyzed the luminescence of individual QDs with the help of a photon antibunching 
setup (Figure 4a), which helps us to identify a single QD particle when it is far away from the 
GNRs. We first identify a single QD located inside the line defect as shown in Figure 4b, with two 
GNRs on both sides of the QD along the defect line but far away from it (Figure 4c).  Light 
emission from this QD is analyzed using the antibunching technique, as shown in Figure 4h. The 
data is fit using the expression  Negtg
t
/)1()0()( )2()2( 

 , where τ is the exciton lifetime, N 
is the number of photons and  g(2)(0) is  the second order correlation at the coincidence time t=042,43.  
Under the low excitation regime, the ratio of biexciton to exciton quantum yields of single QDs 
can be determined from the value of g(2)(0). Single photon emission is characterized by g(2)(0)= 0 
and N=1, although experimental observations are limited by the dark counts of the detector 
offsetting the value of N and g(2)(0) as shown previously44. For the data shown in Figure 4h, we 
obtain N =1.5, g(2)(0)= 0.25 indicating single photon emission, with an exciton lifetime τ = 14.2 
ns, which is close to the value previously reported for CdSe QDs with core-shell structure45. 
Following this characterization of the QD alone, we moved the GNR particles closer to the QD by 
using the optical tweezer, realizing the “sandwich” configuration depicted in Figure 1c. In order 
to reduce the repulsive interaction between the GNRs, the sample temperature was raised to 45°C 
with an objective heater and cooled to room temperature after the assembly process (Figure 4b-g).  
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Figure 5. Characterization of fluorescence intermittency and fluorescence decay. (a, b) 
Fluorescence time traces of a QD particle trapped inside a line defect before (a) and after bringing 
two GNRs forming a sandwich assembly (b).  The “on” and “off” times of the QD particle is 
presented by the corresponding histogram in the right side.  (c, d) Analysis of fluorescence time 
trace with constant thresholding for the curves presented in (a) and (b) representing the probability 
density P(t) of sustained “on” (ton ) and “off” (toff )  times of the QD particles before (c) and after 
(d) bringing two GNRs forming a sandwich assembly. Solid lines represent linear fits to the data, 
showing a power law dependence. (e) Typical fluorescence decay curves of a QD particle (black 
curve), representing a faster fluorescence decay when the QD particle is sandwiched between two 
GNRs (blue curve).  Solid lines represent the double exponential fit to the experimental decay data. 
 
 
 
We observed considerable changes in the antibunching data curve when the QD particle was 
squeezed between the GNRs, as shown in Figure 4i.  Fitting similarly to that described above 
yields N = 2.67, g(2)(0)= 0.6  and a faster radiative decay rate of τ = 5 ns. These results are possible 
indications of multiphoton emission from QDs with a faster decay rate modified by the Purcell 
effect. In order to analyze the fluorescence enhancement and blinking characteristics of the QD 
particles, we measured the fluorescence trajectories of the particle before and after forming the 
sandwich assembly. Figure 5 a and b represent typical blinking trajectories of the QD particles 
collected with a binning time of 10 ms, without GNRs (Figure 5a) and within sandwich structure 
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(Figure 5b), respectively. It is clear that the QD particle stays predominantly in the “on” state after 
sandwiching the particle between two GNRs as shown by the histogram presented in the right-
hand side of the Figure 5a,b. Moreover, the QD emission intensity is enhanced by almost two times 
indicating the enhanced detection of the QD after forming the sandwich assembly caused by 
preferential beaming of the emission light in a “donut” pattern around the axis of the assembly due 
to the antenna-like arrangement. Furthermore, we have performed a detailed analysis of the 
blinking trajectories by constant thresholding method and calculated the probability distribution 
of “on” (ton) and “off” (toff) times of the fluorescence emission as shown in Figure 5c,d.  A power 
law dependence, typical of the QD emission with increased “on” state probability is evident from 
Figures 5c and d.  Additional insight to the exciton-plasmon interaction is gained by analyzing the 
fluorescence decay curves shown in Figure 5e. The decay curves can be well fitted using a 
biexponential function,  21 /2
/
1
 tt
eAeAI
  , where τ1 and τ2 are the slow and fast lifetime 
component, A1 and A2 represent the corresponding amplitudes, respectively.  Before the formation 
of the sandwich assembly, the QD fluorescence yields typical values of decay time τ1 = 1.1 ns and  
τ2 = 19 ns. On the other hand, when sandwiched between GNRs, the faster decay component is 
more prominent and the lifetime of the slower decay component is also reduced to 5 ns, indicating 
more than three times increase in the decay rate. We identify the slower decay component 
associated with the radiative decay as corresponding to the single exciton emission. Although the 
reported values for the lifetime of the biexciton emission is of the order of hundreds of 
picoseconds, we believe the faster decay component in our measurements represents the radiative 
decay corresponding to the biexciton emission. Accurate estimation of the biexciton decay time in 
our experiment is limited by the time resolution of the TCSPC hardware. The values of decay rates 
estimated by fitting double exponential curves (Figure 5e) match well with the values extracted 
from the antibunching data (Figure 4h,i). Both experiments convincingly show that the proximity 
of plasmonic particles increases the radiative decay rate of the QD by more than three times, 
indicating a strong coupling of the QD emission with the SPR of GNR particles. The observed 
optical properties of the QD particle in sandwich assemblies were highly reproducible and found 
to be independent of the excitation polarization. Moreover, the analysis of emission intensity of 
the QD particle revealed minimal effect on the excitation polarization; which is expected due to 
the relatively modest field enhancement at the excitation wavelength as demonstrated in Figure 3f. 
Measurements of the fluorescence spectra of QD particle in the sandwich assembly indicate 
increased fluctuations in the fluorescence peak position with respect to the spectra collected before 
forming the sandwich assembly (Figure S2, Supporting information). The experiments were 
repeated on several QDs – GNR pairs in line defects forming a sandwich assembly and the 
observed optical properties are found to be highly reproducible (Figure 6). The values of  g(2)(0), 
emission enhancement and fluorescence decay curves are shown in Figure 6a,b and supporting 
information Figure S1, Table S1.  
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Figure 6. Variations of g(2)(0)  and enhancement factor.  Histogram representing the variations 
of g(2)(0) estimated from the photon antibunching measurements (a) and emission enhancement of 
QD fluorescence (b), calculated based measurements on multiple sandwich assemblies in LC line 
defect. 
 
The study of multiexciton generation in semiconducting nanostructures has been intensively 
pursued over the last couple of decades46,47. Recent efforts in this field have been directed towards 
employing the LSPR of metal nanoparticles for generating multiexcitons in semiconducting 
nanoparticles8-13, though studies on self-assembled nanoparticles have been rarely reported. 
Reports on QDs deposited on a roughened, gold-coated surface indicate enhanced multiphoton 
emission and decreased single photon emission on these substrates8. The quantum efficiencies of 
the multiexciton states in a QD are relatively low, due to Auger and other non-radiative decay 
channels quenching the multiphoton radiative process. The surface plasmon effects on the higher 
order exciton states are much different from the effects on the single exciton state. Significant 
enhancement of the radiative decay rates of the biexcitonic states can be achieved when coupled 
with SPR, effectively increasing the quantum efficiency of the biexciton states. In our experiments, 
emission from the QDs couples strongly with SPR of the GNR particles, which could enhance the 
biexcitonic radiative rates according to the Purcell effect, resulting in an increased probability of 
multiphoton emission from the QDs.  At the same time, the radiative decay rate of the single 
exciton states are enhanced by almost 4 times, as revealed by the fluorescence decay measurements 
(Figure 5e) and also consistent with previous observations7-13. However, based on the fluorescence 
trajectories of the QD particles, collected before and after bringing the GNRs, the fluorescence 
intensity enhancement for the QD particle in the sandwich assemblies is only about 2 times which 
is expected due to the only modest enhancement of the light collection efficiency in the sandwich 
geometry.  Although the nonradiative energy transfer between the QD and GNR particles can 
affect the emission properties of the particles, previous studies have shown that biexcitonic states 
are less affected by this interaction in comparison with the excitonic emission10.  Moreover, as 
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intended by our experimental design, specially-designed silica shells around the GNRs ensure that 
the QDs are separated from the GNR surface by about 10 nm, limiting the non-radiative energy 
transfer towards GNRs, preventing the complete quenching of the QD emission. In effect, coupling 
the SPR of the GNRs to the biexciton states of the QD allows for the branching of the biexciton 
state to multiphoton emission through the enhanced radiative rate of the biexcitonic states of QDs 
without significant change in the nonradiative Auger dominated recombination rate, effectively 
making the non-radiative decay channels of the biexcitonic states less prevalent. The excitation 
intensity aided by the field enhancement by the GNR provides sufficient field intensity for the 
generation of multiexciton states in the QD, even though the field enhancement at the excitation 
wavelength is relatively modest compared to the emission wavelength at 620 nm. The exact 
modelling of the SPR effect on the higher order states of the QD is challenging due to the 
complexities of the optical interactions involved. For example, plasmon modes give rise to a strong 
electric field gradient near the metal particle in the near field which could influence the dipole-
forbidden, higher-order interactions in the QD emission14,15.  A future successful model should 
include the interaction of higher-order exciton states with hot electrons, thermal and Auger 
relaxation in addition to accounting for the delocalization of electron and hole wave functions in 
case of core-shell type particles. Moreover, the interaction of semiconductor nanoparticles with 
surface ligands and the host medium will require separate detailed theoretical and experimental 
studies for more quantitative modeling of the role of SPR on the multiphoton emission from QDs.  
 
CONCLUSIONS 
In conclusion, we have demonstrated the use of LC line defects to control the position and 
orientation of GNR and QD particles to study the optical interaction with a QD in a well-defined 
geometry and in the bulk of a dielectric LC medium, unaffected by the proximity to a substrate. 
Our results indicate possible multiphoton emission from a single QD particle when located in 
between two GNRs, which originates from the strong coupling with the SPR of these rod-like 
plasmonic nanoparticles. Although the present study was performed using individual 
nanoparticles, it provides insight into the possibility of designing mesostructured composite 
materials with arrays of defects entrapping both plasmonic and semiconductor nanoparticles, 
where optical properties of the medium can be potentially controlled by tuning the inter-particle 
spacing through the LC’s facile response to external stimuli. 
 
MATERIALS AND METHODS 
GNR Synthesis.  GNRs used in our experiments were synthesized following the seed-mediated 
method described in detail elsewhere25,26. To prepare the seed, equal amounts of 5 mL of 
hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich, 0.2M) and gold(III) chloride 
trihydrate (HAuCl4.3H2O, Sigma-Aldrich, 0.5 mM) were added to a clean glass bottle followed by 
0.6 mL of freshly prepared ice-cold sodium borohydride (NaBH4, Sigma-Aldrich, 10 mM) under 
vigorous stirring for 2 minutes, and kept at 30ºC for 30 minutes before use, allowing the reaction 
to complete and NaBH4 to fully decompose. In the meantime, the growth solution was prepared by 
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mixing 25 µL silver nitrate (AgNO3, Sigma-Aldrich, 16 mM) with 10 mL of CTAB (0.2 M), 10 
mL of HAuCl4 (1 mM) and 75 µL of L-ascorbic acid (Sigma-Aldrich, 80 mM) under vigorous 
stirring for 30 seconds. The growth process was initiated by adding 12 µL of seed solution into the 
growth solution, and  then it was left undisturbed for 8 hours. The GNRs are separated from the 
solution by centrifugation at 9000 rpm for 30 minutes. These GNRs (Figure 1d) were coated with 
silica shells, which were tuned to be ~ 10 nm thick, and then surface-functionalized with 
dimethyloctadecyl[3-(trimethoxysilyl)propyl] ammonium chloride (DMOAP, Acros Organics) 
according to procedures described in our previous study27 
 
LC cell preparation.  We used a chiral nematic LCs by using a commercially available nematic 
mixture E7 (Slichem, China) doped with a chiral dopant Cholesteryl Pelargonate (Sigma-Aldrich). 
The concentration of the chiral additive in the mixture was adjusted to yield a desired cholesteric 
pitch ~12 m 48. LC cells used for the experiments were prepared by assembling two glass plates 
with a cell gap spacing of ~ 10 μm set using glass fibre segments mixed in a UV-curable glue. To 
obtain strong homeotropic boundary conditions for the orientation of the rod-like LC molecules 
and the director n describing their local average orientation, the inner surfaces of the glass plates 
were treated with DMOAP. Very dilute co dispersion of GNR and QD in LC were prepared by 
mixing the  nanoparticle dispersions with LC followed by evaporation at 70°C. The LC mixture 
was infilitrated into the glass cells using capilary forces and sealed with a fast-setting epoxy. 
 
Experimental setup. The experimental set up was built around an inverted microscope (IX 81, 
from Olympus), equipped with lasers, spectrometer and a CCD camera (Flea, PointGrey) for 
imaging. The microscope is integrated with a holographic optical tweezer operating at 1064 nm 
output from a fiber laser (IPG photonics). The excitation beam is sent to the microscope with the 
help of dichroic mirrors (Thorlabs DMSP805R, Semrock FF495-Di03-25x36) (Figure 4a) and 
focused onto the sample using a 100x oil immersion objective (Olympus, UPlanSApo, NA = 1.42). 
The emission from the QD particles is collected using the same objective and sent through the 
optical filters (Chroma HQ 610/75M) and pinhole before being analyzed by a Avalanche 
Photodiode (APD, from Pico Quant) or Hanbury Brown-Twiss interferometer arrangement for the 
antibunching analysis. The antibunching measurements were performed using the 473 nm CW 
output from a diode laser as the excitation source.  The fluorescence signal incident on a 50:50 
beam splitter is detected by two APDs, placed at the two out ports of the beam, as shown in Figure 
4a. The electrical pulses generated by the APDs are analyzed using time-correlated single photon 
counting (TCSPC, SPC 130, from Becker and Heckle) hardware, by measuring the second-order 
cross-correlation between photons detected by the APDs with respect to the photon co-incidence 
time t.  In order to obtain the correlation at the negative coincident time, the signal from one of the 
APD is delayed by 500 ns by employing delay electronics before being fed to the TCSPC.  The 
fluorescence trajectories of the QD emission was recorded using an APD connected to a data 
acquisition board (NIDAQ-6363, National Instruments) and analyzed using a MATLAB code. For 
fluorescence decay measurements,  467 nm pulsed output from a diode laser (Nano LED- Horiba 
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Scientific, 1MHz, 200 ps) was used as the excitation source. The emission from the QD particles 
are detected using an APD and analyzed with the help of  TCSPC hardware. The fluorescence 
spectra of a QD particle located in a LC line defect was measured using a spectrometer 
(SpectraPro-275, Acton Research Corporation) equipped with a grating of 600 g/mm. The detected 
spectra were recorded using an electron multiplying charge coupled device (EMCCD, iXon3 888, 
Andor Technology). 
 
Numerical modeling. The electromagnetic field enhancement and LSPR peak of GNR in the 
sandwich assembly was simulated using the nanoDDSCAT+ tool based on the DDA method38-41 .  
For the DDA simulations, the structures of GNR and QD are first defined using a 3D computer 
graphics program, Blender v:2.75 (Figure 3d) and rendered to nanoDDSCAT+ to form set of 
dipoles with refractive index values representing the gold core, silica shell and QD using a 
DDSCAT conversion tool41. We then calculate the extinction spectra and electric field intensity 
|E|2 configuration around the GNRs in the sandwich structure.  We have also estimated the electric 
field enhancement of GNRs in the sandwich structure using COMSOL Multiphysics.   The incident 
electromagnetic wave excites the computational volume, enclosing the GNRs and QD. The 
simulation is performed in a spherical volume enclosed in a perfectly matched layer shell in the 
radial directions allowing the calculation of both scattering and absorption contributions.  
 
Supporting Information  
Fluorescence decay curve of QD particle in sandwich assembly and table of fitted lifetime values 
based on measurements on multiple QD assemblies.  Fluorescence spectra of  a QD particle in 
sandwich assembly, simulated extinction spectra of GNR in sandwich assembly, and calculated 
values of LSPR, maximum field enhancement wavelength with end-to-end separation between 
GNRs in LC line defect. 
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Figure S1: Fluorescence decay curves of a QD particle trapped inside the line defect (black) and 
a QD particle sandwiched between two GNRs forming a dimer structure based on multiple 
measurements on GNR-QD assemblies (colored). Black curve represent a typical decay curve for 
a QD particle without GNR.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 τ1 (ns) τ2 (ns) 
QD 1.17 19.88 
 
 
 
 
 
QD-Au 
1.09 5.32 
1.06 6.55 
1.1 4.58 
1.2 5.78 
0.97 4.84 
1.2 6.5 
0.98 4.92 
1.2 5.33 
1.08 6.3 
0.95 6.35 
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Table S1: The lifetime values extracted by fitting a double exponential equation to the 
fluorescence decay curves presented in Figure S3 above.      
 
 
 
 
Figure S2: Fluorescence spectra of a single QD in line defect without GNR (a) and with GNRs 
showing a blueshifted (b) and redshifted (c) spectra.  
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Figure S3: Simulated extinction spectra of a single GNR particle (black curve) and two GNR 
particles forming a sandwich structure (red curve) in the LC line defect. (b) Plot of LSPR peak 
positions vs. end-to-end separation between the gold cores of two GNRs located in the LC line 
defect calculated based on DDA (○) and COMSOL Multiphysics (□). Variations of maximum 
electric field enhancement wavelength () with end-to-end separation between the gold cores of 
two GNRs in the sandwich structure, calculated based on the electromagnetic simulations using 
COMSOL Multiphysics.  
 
 
